Flavonols, the main flavonoids in plant leaves, have newly been proposed as a H2O2 scavenger in guard cells. However, whether 5-aminolevulinic acid (5-ALA) is involved in regulating stomatal movement of apple (Malus × domestica Borkh. 'Fuji') leaves through flavonol accumulation remains unclear. In this study, using diphenylboric acid 2-amino ethyl ester (DPBA, a flavonol fluorescent dye) and a laser scanning confocal microscope, we observed that 5-ALA pretreatment significantly improved flavonol accumulation in guard cells of apple leaves, especially around the nucleus. Then we demonstrated that 5-ALA pretreatment inhibited ABA-induced stomatal closure via decreasing reaction oxygen species (ROS) accumulation in guard cells. Pretreatment with quercetin or kaempferol, two main kinds of flavonols in plants, also inhibited ABA-induced stomatal closure by decreasing ROS content in the guard cells. Furthermore, exogenous flavonols could suppress H2O2-induced stomatal closure in apple leaves. Taken together, we conclude that ALA-induced flavonol accumulation in guard cells is involved in the inhibitory effect of ALA on ABA-induced ROS accumulation and stomatal closure in apple leaves.
Introduction
Stomatal movement is a highly complex process and plays important roles in plant photosynthesis and growth. Many factors are involved in stomatal movement regulation. For example, dark (She et al., 2004) , UV-B (He et al., 2005) , ABA (Pei et al., 2000) , ethylene (Desikan et al., 2006; Ge et al., 2015) , methyl jasmonate (Suhita et al., 2004) , brassinolide (Shi et al., 2015) , and H2O2 (Murata et al., 2001; Zhang et al., 2001; Kwak et al., 2003) induce stomata closure, while light (She et al., 2004) , IAA (Pemadasa, 1982; She and Song, 2006) , and CTK (Morsucci et al., 1991; Chen et al., 1996) increase stomatal aperture. To date, most of the researches about stomatal movement were focused on stomatal closing regulation (Acharya and Assmann, 2008) , while little attention has been paid to stomatal opening regulation. However, stomatal opening may be as important as closing. Many reports indicate that stomatal aperture is a main limiting factor in terms of photosynthesis and plant development (Lawson and Blatt, 2014; An et al., 2016a) . Therefore, studying the mechanisms behind stomatal opening regulation also possesses important scientific significance and agricultural practical value.
5-Aminolevulinic acid (5-ALA), an essential precursor of porphyrin biosynthesis in all organisms, regulates several important physiological processes in plants (Akram and Ashraf, 2013) . Wang et al. (2004a) first found that exogenous 5-ALA significantly increased stomatal aperture and intercellular CO2 concentration in leaves of melon (Cucumis melo) seedlings. Subsequently, several researchers reported that 5-ALA reduced stomatal limitation in date palm (Phoenix dactylifera) leaves (Youssef and Awad, 2008) , and enhanced stomatal conductance in leaves of barley (Hordeum vulgare; Al-Khateeb, 2006) , Kudzu (Pueraria phaseoloides; Xu et al., 2010) , pepper (Capsicum annuum; Korkmaz et al., 2010) , oilseed rape (Brassica napus; Ali et al., 2013) , 'Summer Black' grape (Xie et al., 2013) and apple leaves. These 1 These authors contributed equally to this work.
researches suggest great application potential of exogenous 5-ALA in agriculture and horticulture. Furthermore, Zhang et al. (2008) reported that stomatal aperture and net photosynthesis rate of 5-ALA-overproducing transgenic tobacco (Nicotiana tabacum) were significantly higher than that of wild-type plants. Therefore, both exogenous treatment and endogenous overproducing 5-ALA could promote plant stomatal apertures. Chen et al. (2014b) and An et al. (2016a) have demonstrated that 5-ALA decreased H2O2 and cytosolic Ca 2+ accumulation induced by ABA or dark in guard cells and inhibited ABA-or dark-induced stomatal closure. However, no information is available on how 5-ALA decreases H2O2 in guard cells. Besides stomatal movement regulation, 5-ALA also plays important regulatory roles in flavonoid biosynthesis. Chen et al. (2014a) reported that 5-ALA improved flavonoid content in young apples, and also increased anthocyanin accumulation in peach (Guo et al., 2013) and apple skin (Wang et al., 2004b; Xie et al., 2013) . Recently, Watkins et al. (2014) reported that flavonols specially accumulated in guard cells and suppressed ABA-induced ROS content, hence moderating stomatal aperture. Based on the above clues, we hypothesize that 5-ALA may induce flavonol accumulation in guard cells and the flavonol accumulation may be involved in ALA-regulated stomatal movement in apple leaves.
To test our hypothesis, here, we used the exogenous drugs, flavonol fluorescent dye and laser scanning confocal microscope (LSCM) to investigate the role of flavonols in 5-ALAinduced stomatal opening in apple leaves. Our results indicate that effects of 5-ALA pretreatment on ROS levels in guard cells and stomatal movement were associated with ALA-stimulated flavonol accumulation. Our data provide direct evidence for ALAmediated improvement of flavonol accumulation and demonstrate its positive role in ALA-induced stomatal movement, revealing new insights into guard cell signaling.
Materials and methods

Plant materials and stomatal bioassay
Two-year-old apple (Malus × domestica Borkh. 'Fuji') trees were cultured under a rain shelter with natural condition in the campus of Nanjing Agricultural University (32°02′N, 118°50′E) . The experiments were conducted from June to October 2015.
The latest fully expanded leaves were picked with tweezers, lightly washed, immersed in Mes-KCl buffer (50 mmol·L −1 KCl, 10 mmol·L −1 MES, and 0.1 mmol·L −1 CaCl2, pH 6.4) alone under light conditions (PPFD 240 μmol·m ) for 2 h at 25°C, and then transferred to Mes-KCl buffer containing different treatment solutions.
Stomatal bioassay was performed on abaxial epidermal peels (0.5 cm × 0.5 cm) isolated from mature leaves. Stomatal apertures were observed by a light microscope (Nikon TE100, 400×) with a fitted camera (MShot Digital Imaging System) and measured with a digital ruler in Adobe Photoshop 6.0. Fifteen to twenty fields were randomly selected and 2-4 stomatal apertures in each field were scored. Therefore, in each treatment, about 50 randomly selected apertures were scored. The maximum and minimum values of each group were removed, and the data presented were means of at least 20 repeated means ± standard errors (SE). 5-ALA for 2 h or 4 h at 25°C and then peeled the abaxial epidermal strips. Endogenous flavonols were measured with a flavonol fluorescent dye, diphenylboric acid 2-amino ethyl ester (DPBA), as described by Watkins et al. (2014) .
Measurement of ABA-induced stomatal aperture and the ROS content under 5-ALA pretreatment
After being treated for 2 h with or without 0.5 mg·L −1 5-ALA, leaves were placed into MES-KCl buffer containing 10 μmol·L −1 ABA and then peeled the abaxial epidermal strips at 30 min intervals for 2 h to observe the stomatal aperture. The abaxial epidermal strips that peeled from leaves treated by ABA for 1 h were stained with fluorescent indicator dye to determine the ROS content.
DPBA fluorescence intensity detection in guard cells under exogenous quercetin and kaempferol treatments
After being incubated for 2 h under light conditions, leaves were transferred to MES-KCl buffer solution supplemented with quercetin and kaempferol at concentrations of 0, 1, 10 and 100 μmol·L −1 , respectively, for 1 h. Then the abaxial epidermal strips were peeled and their DPBA fluorescence intensity was measured.
Determination of ABA-and H2O2-induced stomatal aperture and the ROS content pretreated by quercetin and kaempferol
After being pretreated with 10 μmol·L −1 quercetin or kaempferol for 1 h, leaves were transferred to MES-KCl buffer solution supplemented with 10 μmol·L −1 ABA or 200 μmol·L
H2O2. Stomatal apertures were measured at 30 min intervals for 2 h. The abaxial epidermal strips that peeled from leaves treated by ABA for 1 h were stained with fluorescent indicator dye H2DCF-DA to determine ROS content.
Incubation of flavonol fluorescent dye DPBA
The endogenous flavonol content in guard cells was measured according to Watkins et al. (2014) . The abaxial epidermal peels were transferred to MES-KCl buffer solution containing 0.01% Triton X-100 and 2.52 mg·mL −1 DPBA for 30-60 min in the dark at 25°C. After staining, excess DPBA dye was removed with fresh Mes-KCl buffer in the dark. The DPBA fluorescence intensity was monitored using a LSCM (Leica TCS SP8 STED 3X).
Incubation of ROS fluorescent dye H2DCF-DA
Content of ROS was measured by monitoring H2DCF-DA fluorescent intensity according to Chen et al. (2014b) . The abaxial epidermal peels were transferred to Tris-HCl buffer solution (10 mmol·L −1 Tris, 50 mmol·L −1 KCl, pH 6.5) containing 50 μmol·L −1 H2DCF-DA for 30 min in the dark at 25°C. After staining, excess H2DCF-DA dye was removed with fresh Tris-KCl buffer in the dark. The DCF fluorescence intensity was monitored using a LSCM (Leica TCS SP8 STED 3×).
Results
Flavonols accumulate in guard cells of apple leaves
To explore the roles of flavonols, firstly, we detected the location of flavonol accumulation with DPBA using LSCM. Results showed that the DPBA fluorescence and chloroplast autofluorescence coincidently located in guard cells (Fig. 1) , and no DPBA fluorescence signal was detected in surrounding pavement cells. This result suggests that flavonols specifically accumulate in guard cells. Furthermore, there was a bright DPBA fluorescence spot near nucleus in each guard cell.
5-ALA pretreatment induces flavonol accumulation in guard cells
To determine whether flavonol accumulation contributes to ALA-induced stomatal movement, we investigated the effect of ALA on the flavonol content in guard cells. Compared with the controls, the leaves pretreated with 0.5, 5 or 10 mg·L −1 5-ALA for 2 h or 4 h showed significantly higher DPBA fluorescence intensity (Fig. 2) . This result indicates that 5-ALA pretreatment improves flavonol accumulation in guard cells of apple leaves.
Comparing the time effect of 5-ALA pretreatments, it was found that DPBA fluorescence intensity in guard cells of leaves pretreated with 5-ALA for 2 h and 4 h showed no significant differences, except that the flavonol content in guard cells of apple leaves treated by 5 mg·L −1 5-ALA for 4 h was significantly lower than that for 2 h (Table 1) . This indicates that the promotional effect of 5-ALA on flavonol accumulation is stable for a long time, and no interaction occurs between the 5-ALA concentration and pretreatment time in improving flavonol accumulation. Comparing the concentration effect of 5-ALA, it was found that flavonol fluorescence intensity of 0.5 mg·L −1 5-ALA pretreatment showed the most significantly promotive effect on flavonol accumulation. Therefore, 0.5 mg·L −1 5-ALA was chosen for the following experiments. Since 5-ALA pretreatment has been known to significantly induce flavonol accumulation in guard cells of apple leaves, we need to determine whether the accumulated flavonols function in 5-ALA-induced stomatal movement. Therefore, the leaves pretreated with 0.5 mg·L −1 5-ALA for 2 h were treated with ABA and then the stomatal apertures were observed. It was found that the stomatal aperture of the control and 5-ALA pretreatment alone kept at about 4.5 μm during the whole experimental period. ABA in 10 μmol·L −1 significantly reduced stomatal aperture by 45% after 0.5 h (P < 0.05), and the aperture decreased to approximately 2.0 μm after 2 h. However, when ABA was applied after 5-ALA pretreatment, ABA-induced stomatal closure was largely repressed (P < 0.05, Table 2 ). These observations indicate that 5-ALA pretreatment significantly inhibits ABA-induced stomatal closure.
5-ALA pretreatment down-regulates ABA-induced ROS accumulation in guard cells
Since ROS is an important signaling molecule in ABAinduced stomatal closure, we investigated the effect of 5-ALA pretreatment on ABA-induced ROS accumulation. To visualize ROS accumulation in apple leaf tissues, we used H2DCF-DA, a general ROS fluorescent sensor (Halliwell and Whiteman, 2004) . Results showed that the guard cell DCF fluorescence intensity in the control and 5-ALA-pretreatment alone were both at very low levels, about 16.02 and 16.09, respectively. When treated with ABA for 1 h, the DCF fluorescence of guard cells increased to 3.2-fold of the control (P < 0.05, Fig. 3 ), suggesting that ABA rapidly increases ROS accumulation in guard cells. However, 5-ALA pretreatment markedly decreased ABAinduced DCF fluorescence intensity, about by 44% (P < 0.05).
The results indicate that 5-ALA pretreatment significantly represses ABA-induced ROS accumulation in guard cells of apple leaves.
Exogenous quercetin and kaempferol promote endogenous flavonol accumulation in guard cells
In order to illustrate whether flavonols are involved in stomatal movement regulation and the possible mechanisms, we used exogenous quercetin and kaempferol, two main components of flavonols, to pretreat apple leaves. Compared with the control, 4.68 ± 0.12 ab 3.59 ± 0.09 e 3.31 ± 0.10 e 3.24 ± 0.10 e 3.24 ± 0.12 e Note: The data in the table were the means ± SE of about 30 stomata apertures. The same letters represent no significant differences at P = 0.05 level.
Fig. 3 Effects of 5-ALA pretreatment on ABA-induced ROS accumulation in guard cells of apple leaves
1 μmol·L −1 quercetin or kaempferol did not largely affect the flavonol content. However, 10 and 100 μmol·L −1 exogenous quercetin and kaempferol significantly improved the endogenous flavonol content (P < 0.05, Fig. 4 ). The relative DPBA fluorescence between 10 and 100 μmol·L −1 exogenous flavonol pretreatments showed no significant differences. Thus, 10 μmol·L −1 exogenous quercetin and kaempferol were chosen for the following experiments.
Exogenous quercetin and kaempferol inhibit ABA-induced stomatal closure
To explore the relationship between flavonol accumulation and stomatal movement, we investigated the effect of exogenous flavonols on ABA-induced stomatal closure. Stomatal aperture of the control was about 4.7 μm during the whole experimental period. Compared with the control, ABA significantly reduced stomatal aperture by more than 43% (P < 0.05, Table 3 ). When ABA was applied after exogenous flavonol pretreatment, ABAinduced stomatal closure was largely suppressed (P < 0.05, Table 3 ). The inhibitive effect of quercetin on ABA-induced stomatal closure was better than kaempferol pretreatment. These results indicate that exogenous quercetin and kaempferol inhibit ABA-induced stomatal closure.
Pretreatment with exogenous quercetin and kaempferol scavenge ABA-induced ROS in guard cells of apple leaves
Since flavonols are plant metabolites that may function as antioxidants in plants and animals (Hernández et al., 2009) , we assumed that flavonols also scavenged ABA-induced ROS in guard cells and regulated stomatal aperture in apple leaves. To test our hypothesis, we investigated the effects of exogenous quercetin and kaempferol on ABA-induced ROS accumulation. The DCF fluorescence levels of exogenous quercetin and kaempferol were 17.89 and 12.33, not different from that of the control (14.80) (P > 0.05, Fig. 5 ). ABA dramatically increased fluorescence levels by 2.75-fold (40.75). However, when ABA was applied after quercetin or kaempferol pretreatment for 1 h in apple leaves, the DCF fluorescence levels were significantly down-regulated to 15.91 and 28.05, respectively (P < 0.05, Fig. 5 ), suggesting that ROS accumulation is significantly reduced.
Exogenous quercetin and kaempferol repress H2O2-induced stomatal closure
To further confirm that the effect of exogenous quercetin and kaempferol on ABA-induced ROS in guard cells, we used exogenous H2O2 as ROS to test the inhibitive effect of quercetin and kaempferol on ROS-induced stomatal closure. Compared with the control, stomatal aperture was largely decreased by 23% and 43%, respectively, after being treated with H2O2 for 0.5 h and 2 h (P < 0.05, Table 4 ). When H2O2 was applied after exogenous flavonol pretreatment, stomatal aperture decreased to about 75% of the control at 0.5 h (P < 0.05, Table 4 ). However, compared with H2O2 treatment alone, quercetin or kaempferol pretreatment dramatically increased stomatal aperture to 1.32-and 1.21-fold. These results indicate that exogenous quercetin and kaempferol can scavenge ROS accumulation in guard cells The data in the table were the means ± SE of 24 stomata apertures. Q and K represent exogenous quercetin and kaempferol pretreatments, respectively. The same small letters represent no significant differences at P = 0.05 level.
and hence inhibit H2O2-induced stomatal closure. The inhibitive effect of quercetin on H2O2-induced stomatal closure was better than kaempferol pretreatment, suggesting a better ability of scavenging ROS and stomatal regulation of quercetin than kaempferol.
Discussion
Since stomata plays a critical role in plant transpiration, decreasing water loss by inducing stomatal closure is a common target for water saving agriculture and many researchers have paid great attention to demonstrate mechanisms behind stomatal closure (Dodd, 2003; Acharya and Assmann, 2008) . However, stomatal opening is a key factor for plant photosynthesis and growth. Increased stomatal aperture not only favors CO2 uptake into the mesophyll cells, facilitating plant photosynthesis, but also improves mineral nutrition absorption and utilization through enhancing transpiration. Therefore, regulation of stomatal opening is also of important scientific and productive significance. Watanabe et al. (2000) proposed that 5-ALA-improved salt tolerance of cotton seedlings was related to the reduced Na + absorption and transportation. Youssef and Awad (2008) found that 5-ALA increased salt tolerance of date palm (Phoenix dactylifera) partially by increasing the stomatal opening and consequently improving plant photosynthesis efficiency. Wei et al. (2012) reported that 5-ALA delayed leaf senescence of pakchoi by improving leaf nitrate levels under low nitrate conditions. Yao et al. (2006) used 32 P to test the effect of spraying 5-ALA on rice phosphorus accumulation, and found that 5-ALA significantly improved phosphorus levels and rice yield. Zhang et al. (2015) demonstrated that rhizospherically applied 5-ALA largely increased Ca, Mg, Fe, Cu, and Zn content in apple leaves. These results together indicate that 5-ALA-induced stomatal opening not only facilitates plant photosynthesis, but also contributes to mineral nutrient levels.
Recently, Chen et al. (2014b) and An et al. (2016a) systematically reported that both exogenous and endogenous 5-ALA decreased ABA-induced ROS accumulation in guard cells and inhibited ABA-induced stomatal closure. These results indicate that 5-ALA inhibits ABA-induced stomatal closure by reducing ROS content in guard cells. However, little information is available on how ALA decreases ROS accumulation. Previous researches demonstrated that 5-ALA significantly induced plant flavonoids or anthocyanin accumulation (Guo et al., 2013; Xie et al., 2013; Chen et al., 2014a) . Here, we proved that flavonols accumulated in guard cells of apple leaves, specially located around nucleus, and 5-ALA significantly improved flavonol accumulation in guard cells. Based on the location of flavonols and its role as natural antioxidants, we speculate that 5-ALA-improved flavonol accumulation may play important roles in 5-ALA-induced stomatal movement by decreasing ROS accumulation. The following results confirmed our hypothesis: (1) We have preliminarily explored the molecular mechanisms underlying 5-ALA-induced flavonol accumulation in guard cells in Arabidopsis (data not showed). Results showed that 5-ALA pretreatment up-regulated the expression of functional genes in flavonoid pathway, such as PAL, C4H, 4CL, CHS, CHI, F3H and FLS. Particularly, CHS transcriptional levels up-regulated by 7-fold, suggesting that 5-ALA increased flavonol accumulation by improving its biosynthesis de novo. However, the effect of 5-ALA pretreatment on up-regulating flavonoid pathway was not observed in apple leaves (data not showed). The reason for this may be the species specificity or the complicated structures of abaxial epidermis of detached apple leaves which blocked us to resolute the molecular biological events. Thus, more studies are needed to clarify the effects of 5-ALA on transcriptional levels of functional genes in flavonoid pathway in apple leaves.
Increasing reports indicate that 5-ALA increases plant stress tolerance by stimulating the antioxidant defense system (Nishihara et al., 2003; Li et al., 2011; Akram et al., 2012; An et al., 2016b) . Chen et al. (2014b) also reported that 5-ALA might increase antioxidant enzymes activities to reduce H2O2 level and promoted stomatal opening. Here again, we demonstrated that 5-ALA increased flavonol accumulation in guard cells of apple leaves and the flavonols were involved in scavenging ROS and hence inhibiting stomatal closure. Li (2011) reported that TaFLS over-expression resulted in improvement of flavonol levels, as well as the activities and transcriptional levels of antioxidant enzymes, consequently increasing plant tolerance to salt, drought, H2O2 and ABA. Interestingly, TaFLS overexpression simultaneously enlarged stomatal aperture of plants. Therefore, there must be an intrinsic relationship between flavonol levels and stomatal aperture in wheat leaves, which provides genetic evidence that flavonol accumulation is involved in regulation of stomatal movement. However, at present, we cannot exclude other pathways that might also be involved in 5-ALA-induced decreasing of ROS accumulation and stomatal opening.
In summary, the data presented here show that 5-ALA pretreatment improves flavonoid biosynthesis and flavonol accumulation in guard cells of apple leaves, which accelerates the ROS elimination, and eventually suppresses ABA-and H2O2-induced stomatal closure (Fig. 6) . Our results provide a new insight into the signal transduction of ALA-induced stomatal movement, and explore a new method to improve plant flavonol accumulation which exhibits multiple beneficial effects on plant itself and our humankind. The molecular mechanisms how ALA regulates flavonol biosynthesis in apple leaves is worthy of further study. 
